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(57) Abrege/Abstract:
The embodiments described herein generally relate to a method and apparatus for providing a back up system of Directional and

Inclination (D&l) information to be gathered and transmitted in addition to primary D&l sensors currently employed in industry. A
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(57) Abrege(suite)/Abstract(continued):

downhole probe assembly including primary sensors, back up sensors and a controller Is disclosed. The primary sensors comprise
primary accelerometers and primary magnetometers configured to gather information relating to each of orthogonal axes X, Y and
/. The back up sensors comprise back up accelerometers configured to gather information relating to each of orthogonal axes X,
Y and Z, the back up accelerometers being solid state accelerometers. The controller Is In electrical communication with the
primary sensors and the back up sensors. The controller is configured to recelve and process information from the primary sensors
and the back up sensors so that information from the back up accelerometers can be used when one or more of the primary
accelerometers fail, which may allow drilling operations to continue despite such failure.
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(54) Title: BACK UP DIRECTIONAL AND INCLINATION SENSORS AND METHOD OF OPERATING SAME

(57) Abstract: The embodiments described herein
generally relate to a method and apparatus for
providing a back up system of Directional and In-
clination (D&I) information to be gathered and
transmitted in addition to primary D&I sensors
currently employed in industry. A downhole probe
assembly including primary sensors, back up
sensors and a controller i1s disclosed. The primary

Figure 1

sensors comprise primary accelerometers and
primary magnetometers configured to gather in-
formation relating to each of orthogonal axes X, Y
and Z. The back up sensors comprise back up ac-
celerometers configured to gather information re-

~lating to each of orthogonal axes X, Y and Z, the
back up accelerometers being solid state accelero-
meters. The controller 1s mn electrical communica-
tion with the primary sensors and the back up
sensors. The controller 1s configured to receive and
process information from the primary sensors and
the back up sensors so that information from the
back up accelerometers can be used when one or
more of the primary accelerometers fail, which
may allow drilling operations to continue despite
such failure.
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Back Up Directional and Inclination Sensors And Method of Operating Same

Field

This Invention relates generally to back up Directional and Inclination (D&l)
sensors and their use on a probe for downhole drilling, such as a measurement-while-

drilling (MWD) tool, and methods of operating such back up D&l sensors.
Background

The recovery of hydrocarbons from subterranean zones relies on the process of
drilling wellbores. The process uses drilling equipment situated at surface with a drill
string extending from the surface equipment to the formation or subterranean zone of
iInterest. The drill string can extend thousands of feet or meters below the surface. The
terminal end of the drill string includes a drill bit for drilling (or extending) the wellbore.
In addition to this conventional drilling equipment, the system also relies on some sort of
drilling fluid, in most cases a drilling "mud” which is pumped through the inside of the
drill string, cools and lubricates the drill bit and then exits out of the drill bit and carries
rock cuttings back to surface. The mud also helps control bottom hole pressure and
prevent hydrocarbon influx from the formation into the wellbore which can potentially

cause a blow out at surface.

Directional drilling is the process of steering a well away from vertical to intersect
a target endpoint or follow a prescribed path. At the terminal end of the drill string Is a
bottom-hole-assembly ("BHA") which comprises 1) a drill bit; 2) a steerable downhole
mud motor of rotary steerable system; 3) sensors of survey equipment (Logging While
Drilling ("LWD") and /or Measurement-while-driling (MWD)) to evaluate downhole
conditions as well depth progresses; 4) equipment for telemetry of data to surface; and
5) other control mechanisms such as stabilizers or heavy weight drill collars. The BHA

IS conveyed Into the wellbore by a metallic tubular.
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As an example of a potential drilling activity, MWD equipment is used to provide
downhole sensor and status information to surface in a near real-time mode while
drilling. This information is used by the rig crew to make decisions about controlling anad
steering the well to optimize the drilling speed and trajectory based on numerous
factors, including lease boundaries, locations of existing wells, formation properties, and
hydrocarbon size and location. This can include making intentional deviations from an
originally-planned wellbore path as necessary based on the information gathered from
the downhole sensors during the drilling process. The ability to obtain real time data
during MWD allows for a relatively more economical and more efficient drilling

operation.

In both directional and straight (or vertical) holes, the position of the well must be
known with reasonable accuracy to ensure the correct well trajectory. While extending
the wellbore, evaluation of physical properties such as pressure, temperature and the
wellbore trajectory In three-dimensional space are important. The measurements
include inclination from vertical and azimuth (compass heading). Measurements are
typically made at discrete points with the general path of the wellbore computed from
these points. In downhole MWD, the MWD tool surveys the well as it is drilled and
Information regarding the orientation of the drill bit is relayed back to the driller on
surface. Measurement devices typically include a series of accelerometers which
measure the inclination of the tool (for example vertical is 0° inclination and horizontal is
90° inclination) and magnetometers which measure the earth’s magnetic field to
determine azimuth. A typical Directional and Inclination (D&l) sensor package consists
of three single axis accelerometers in each of the three orthogonal axes, together with
ftwo dual axes magnetometers yielding the three orthogonal axes and one redundant
axis, which iIs typically not used. The sensor package also includes associated data
acquisition and processing circuitry. The accelerometers and magnetometers are
arranged In three mutually orthogonal directions, and measure the three mutually
orthogonal components of the Earth’s magnetic field and Earth’'s gravity. The
accelerometer consists of a quartz crystal suspended In an electromagnetic field;
measuring the inclination by how much electromagnetic force is required to maintain the

crystal in balance. The accelerometers provide measurement of deviation from vertical,
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or Inclination, as well as providing a measurement of the toolface or rotational
orientation of the tool. The magnetometers provide a measure of the direction or
magnetic heading as well as its orientation when the BHA Is at or near vertical. These
sets of measurements combined assist the driller for steering as well as for computing
location. In most cases, whenever another length of drill pipe Is added to the drill string,
a survey Is taken and the information Is sent to surface and decoded by the MWD'’s
operator and converted to information the driller requires for survey calculations. The
BHA position Is then calculated by assuming a certain trajectory between the surveying

points.

In most downhole operations, it is often necessary to insert or infroduce gauges,
sensors or testing instrumentation into the borehole In order to obtain information of
borehole parameters and conditions. Such parameters might include, but are not
limited to, temperature, pressure, directional parameters, and gamma radiation. The
electrical componentry of the various sensors and gauges used to obtain the
Information are mounted on or near circuit boards which are contained within an
apparatus. The circuit boards may be referred or positionally favoured to one side of
the carrier apparatus. The gauges are typically protected as they are imbedded in the

wall, and hence completely housed, within the apparatus.

In MWD, known MWD tools contain essentially the same D&l sensor package to
survey the well bore but the data may be sent back to surface by various telemetry
methods. Such telemetry methods include, but are not limited to, the use of hardwired
drill pipe, acoustic telemetry, fibre optic cable, Mud Pulse (MP) Telemetry and
Electromagnetic (EM) Telemetry. In some downhole drilling operations there may be
more than one telemetry system used to provide a backup system In case one of the
wellbore telemetry systems fails or Is otherwise unable to function properly. The
sensors used In the MWD tools are usually located Iin an electronics probe or
Instrumentation assembly contained in a cylindrical cover or housing, located near the
drill bit. The surface retrievable probe housing Is subject to harsh downhole
environments with increased temperature and pressure, excessive shock and vibration,

as well as fluid harmonics which are created as drilling fluid passes by the probe. The
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electronics and sensors of the MWD tool can therefore be easily damaged.

In most current applications of directional drilling, standard D&l sensor packages
contain fluxgate magnetometers for directional measurement and quartz flex
accelerometers for Inclination measurement; with the magnetometers and
accelerometers taking measurements in each of the three orthogonal axes (X, Y and Z).
In cases where any of the sensors fail, the tool must be removed for replacement or
repair of the failed sensor as all sensors must be working for drilling to continue.
Removal of the tool involves tripping out of hole, replacing the sensors or the whole
MWD tool, and tripping back in which adds considerable time and increases well costs
to the operator. The D&l sensors, and In particular the Industry standarad
accelerometers, are a high cost component of the MWD tool and are prone to failure in

the extreme environments they are subjected to.

MWD sensors are subjected to a number of internal and external influences
which can cause errors associated with their use. Some internal influences include
calibration errors, cross-axis sensitivity, temperature drift and output noise. External
Influences Include BHA deflection, geomagnetic influence from magnetic ore In
surrounding rock, drill-string induced Interference, as well as axial misalignment. To
offset some of the resulting effects, various calibration offsets are introduced Into the
sensor system. Typically the errors are assumed to be distributed normally among all
three sensors In the orthogonal triad but this may not always be the case. Additionally,
at higher temperature the sensors may deviate from calibrated values due to
temperature drift, particularly when the sensors are also subjected to shock and
vibration. The sensors may undergo temperature cycling as the probes are deployed
and removed from the borehole. There can therefore be loss of calibration with time

and use, which can lead to faulty measurements.

WO 2012/057055 describes the requirement to continually calibrate the
magnetometers and accelerometers In the downhole survey Instrument package to
account for constant temperature drift and an apparatus for such calibration of the

sensors. WO 2012/142566 relates to methods for calibrating logging measurements



CA 02893009 2015-05-28

WO 2014/085935 PCT/CA2013/050942

from a logging tool for which one of more attributes vary over the course of logging.
The variable calibration function may be discrete or continuous and linear or non-linear.
WO 2009/006077 describes a calibration method able to perform in situ calibration,
analyze the calibration data and adjust at least one parameter based on the detected

data. Each of these references Is incorporated herein.
Summary

According to one aspect of the invention, there Is provided a downhole probe
assembly comprising primary sensors, back up sensors and a controller in electrical
communication with the primary sensors and the back up sensors. The primary sensors
comprise primary accelerometers and primary magnetometers configured to gather
Information relating to each of orthogonal axes X, Y and Z. The back up sensors
comprise back up accelerometers configured to gather information relating to each of
orthogonal axes X, Y and Z, the back up accelerometers being solid state
accelerometers. The controller is configured to receive and process information from the
primary sensors and the back up sensors so that information from the back up

accelerometers can be used when one or more of the primary accelerometers fails.

The back up sensors may further comprise back up magnetometers configured
to gather information relating to each of orthogonal axes X, Y and Z. The controller may
be In electronic communication with the back up magnetometers and configured to
recelive and process information from the back up magnetometers so that information
from the back up magnetometers can be used when one or more of the primary
magnetometers fails. The controller may be configured to send a signal to surface to
alert an operator that one or more of the primary sensors has failed and that drilling

operation Is being continued on the basis of information from the back up sensors.

The downhole probe assembly may include a downhole probe assembly module
comprising a longitudinally extending housing enclosing a body. The back up sensors
may be attached to the body. The back up sensors may be attached to the body Iin each
of the orthogonal axes X, Y and Z. Alternatively, one or more of the back up sensors

may be attached to the body at an offset position to the orthogonal axes X, Y and Z.
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The downhole probe assembly module may further comprise an end cap structure
positioned at one end of the housing. The body may form part of the end cap structure
and may extend into a portion of the housing. The end cap structure may be a male end
cap structure or a female end cap structure configured to respectively mate with a
female end cap structure or a male end cap structure of a longitudinally adjacent
module of the downhole probe assembly. Mating of the male and female end cap
structures may physically and electrically interconnect the downhole probe assembly
module and the longitudinally adjacent module. The back up sensors may be fixed to

printed circuit boards and the printed circuit boards may be attached to the body.

The back up sensors may be incorporated in a back up sensor module and the
back up sensor module may be configured for interconnection with a longitudinally
adjacent module of the downhole probe assembly. The back up sensor module may
comprise a longitudinally extending housing enclosing a body. The back up sensors
may be attached to the body. The back up sensors may be attached to the body in each
of the orthogonal axes X, Y and Z. Alternatively, one or more of the back up sensors
may be attached to the body at an offset position to the orthogonal axes X, Y and Z.
The back up sensor module may further comprise an end cap structure positioned at
one end of the longitudinally extending housing. The end cap structure may be a male
end cap structure or a female end cap structure configured to respectively mate with a
female end cap structure or a male end cap structure of the longitudinally adjacent
module of the downhole probe assembly. Mating of the male and female end cap
structures may physically and electrically interconnect the back up sensor module with
the longitudinally adjacent module. The body may form part of the end cap structure and
may extend into a portion of the housing. The back up sensors may be fixed to printed

circuit boards and the printed circuit boards may be attached to the body.

The primary sensors and the back up sensors may be incorporated In a sensor
module. In one aspect, the sensor module may comprise a body and the primary
sensors may be attached to the body and at least one of the back up sensors may be
attached to at least one of the primary sensors. The back up sensors may be attached

to the primary sensors in each of the orthogonal axes X, Y and Z. Alternatively, at least
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one of the back up sensors may be attached to at least one of the primary sensors at an
offset position to the orthogonal axes X, Y and Z. The back up sensors may be fixed to
printed circuit boards and the printed circuit board may be attached to the primary
sensors. In another aspect, the sensor module may comprise a body and the primary
sensors and the back up sensors may be attached to the body. The back up sensors
may be attached to the body in each of the orthogonal axes X, Y and Z. Alternatively,
one or more of the back up sensors may be attached to the body at an offset position to
the orthogonal axes X, Y and Z. The back up sensors may be fixed to printed circuit
boards and the printed circuit board may be attached to the body. At least one of the
back up sensors may be attached to the body on the back side of at least one of the
primary sensors so that at least one back up sensor and at least one primary sensor are

In the same orthogonal axis.

According to another aspect of the invention, there is provided an end cap
structure for use In a downhole probe assembly that includes primary accelerometers
and primary magnetometers configured to gather information relating to each of
orthogonal axes X, Y and Z. The end cap structure comprises: a body configured to fit
within and extend into a portion of a longitudinally extending housing of a module of the
downhole probe assembly; and back up sensors selected from the group consisting of
back up accelerometers, back up magnetometers and a combination thereof. The back
up sensors are attached to the body and configured to gather information relating to

each of orthogonal axes X, Y and Z.

The back up sensors may be attached to the body in each of the orthogonal axes
X, Y and Z. Alternatively, one or more of the back up sensors may be attached to the
body at an offset position to the orthogonal axes X, Y and Z. The back up
accelerometers may be solid state accelerometers. The end cap structure may be a
male end cap structure or a female end cap structure configured to respectively mate
with a female end cap structure or a male end cap structure of a longitudinally adjacent
module of the downhole probe assembly. Mating of the male and female end cap
structures may physically and electrically interconnect the longitudinally adjacent

modules. The back up sensors may be fixed to printed circuit boards and the printed
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circuit boards may be attached to the body.

According to another aspect of the invention, there is provided a back up sensor
module for use in a downhole probe assembly that includes primary accelerometers and
primary magnetometers configured to gather information relating to each of orthogonal
axes X, Y and Z. The back up sensor module comprises: a longitudinally extending
housing enclosing a body; and back up sensors selected from the group consisting of
back up accelerometers, back up magnetometers and a combination thereof. The back
up sensors are attached to the body and configured to gather information relating to

each of orthogonal axes X, Y and Z.

The back up sensors may be attached to the body in each of the orthogonal axes
X, Y and Z. Alternatively one or more of the back up sensors may be attached to the
body at an offset position to the orthogonal axes X, Y and Z. The back up

accelerometers may be solid state accelerometers.

The back up sensor module may further comprise an end cap structure
positioned at one end of the longitudinally extending housing. The end cap structure
may be a male end cap structure or a female end cap structure configured to
respectively mate with a female end cap structure or a male end cap structure of a
longitudinally adjacent module of the downhole probe assembly. Mating of the male and
female end cap structures may physically and electrically interconnect the back up
sensor module with the longitudinally adjacent module. The body may form part of the
end cap structure and extend into a portion of the housing. The back up sensors may be
fixed to printed circuit boards and the printed circuit boards may be attached to the
body.

According to another aspect of the invention, there is provided a sensor module
for a downhole probe assembly. The sensor module comprises primary sensors and
back up sensors. The primary sensors comprise primary accelerometers and primary
magnetometers configured to gather information relating to each of orthogonal axes X,
Y and Z. The back up sensors are selected from the group consisting of back up

accelerometers, back up magnetometers and a combination thereof. The back up
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sensors are configured to gather information relating to each of orthogonal axes X, Y

and Z. The back up accelerometers may be solid state accelerometers.

The sensor module may further comprise a body. In one aspect, the primary
sensors may be attached to the body and at least one of the back up sensors may be
attached to at least one of the primary sensors. The back up sensors may be attached
to the primary sensors in each of the orthogonal axes X, Y and Z. Alternatively, at least
one of the back up sensors may be attached to at least one of the primary sensors at an
offset position to the orthogonal axes X, Y and Z. The back up sensors may be fixed to
printed circuit boards and the printed circuit board may be attached to the primary
sensors. In another aspect, the primary sensors and the back up sensors may be
attached to the body. The back up sensors may be attached to the body in each of the
orthogonal axes X, Y and Z. Alternatively, one or more of the back up sensors may be
attached to the body at an offset position to the orthogonal axes X, Y and Z. The back
up sensors may be fixed to printed circuit boards and the printed circuit board may be
attached to the body. At least one of the back up sensors may be attached to the body
on the back side of at least one of the primary sensors so that at least one back up

sensor and at least one primary sensor are in the same orthogonal axis.

According to another aspect of the Invention, there is provided a body for a
downhole probe module for use in a downhole probe assembly that includes primary
accelerometers and primary magnetometers configured to gather information relating to
each of orthogonal axes X, Y and Z. The body comprises back up sensors attached
thereto and configured to gather information relating to each of orthogonal axes X, Y
and Z. The back up sensors are selected from the group consisting of back up

accelerometers, back up magnetometers and a combination thereof.
Brief Description of Drawings

Figure 1 is a schematic of a drill string in an oil and gas borehole including a

downhole probe assembly in accordance with embodiments of the invention.

Figure 2 I1s a longitudinally sectioned schematic view of a MWD tool In
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accordance with embodiments of the invention.

Figure 3 I1s a schematic block diagram of components of an electronics
subassembly and electronic interactions of the electronic subassembly with other

components of the MWD tool.
Figure 4 is a perspective view of the electronics subassembly.

Figure 5 Is a perspective view of the electronics subassembly showing internal

parts thereof.

Figure 6 Is a perspective view of a male end cap structure incorporating back up

D&Il sensors In accordance with one embodiment of the invention.

Figure 7 I1s a perspective view of a back up D&l sensor module In accordance

with another embodiment of the invention.

Figure 8 Is a perspective view of the back up D&l sensor module of Figure 7

connected with a D&l sensor module.

Figure 9 Is a schematic block diagram of interaction of the back up D&l sensors
and primary D&l sensors with a central processing unit (controller) of the electronics

subassembly.

Figure 10 I1s a schematic flow chart of a method of operation of the back up D&

sensors and the primary D&l sensors.

Figure 11 Is a perspective view of a modified D&l sensor module incorporating

back up D&l sensors in accordance with another embodiment of the invention.

Figure 12A Is a partial perspective view of primary accelerometers of a D&l
sensor module and Figure 12B Is a partial perspective view of back up accelerometers

fixed to the primary accelerometers of the D&l sensor module of Figure 12A.

Figure 13A Is a partial perspective view of primary magnetometers of a D&l
sensor module and Figure 13B Is a partial perspective view of back up magnetometers

fixed to the primary magnetometers of the D&l sensor module of Figure 13A.

10
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Figures 14A and 14B are a perspective fully assembled view and a perspective
exploded view respectively of a back up accelerometer fixed to a primary accelerometer

of the modified D&l sensor module of Figure 11.

Figures 15A and 15B are a perspective fully assembled view and a perspective
exploded view respectively of a back up magnetometer fixed to a primary

magnetometer of the modified D&l sensor module of Figure 11.

Figure 16 Is a partial perspective view of a modified D&l sensor module
Incorporating back up D&l sensors in accordance with another embodiment of the

Invention.

Detailed Description

The embodiments described herein generally relate to a method and apparatus
for providing a back up system of Directional and Inclination (D&l) information to be
gathered and transmitted in addition to the information from the primary D&l sensors
currently employed In industry. Though the disclosed embodiments have application for
a Measurement While Drilling (MWD) tool, the back up system could also be used In
any downhole probe or tool which contains gauges, sensors and other electrical circuitry

connections which are prone to failure.

Apparatus Overview

Referring to the drawings and specifically to Figure 1, there is shown a schematic
representation of a downhole probe assembly 7 used in downhole drilling equipment In
accordance with embodiments of the invention. Downhole drilling equipment including
a derrick 1 with a rig floor 2 and draw works 3 to facilitate rotation of drill pipe 6 in the
ground 5. The drill pipe 6 Is enclosed In casing 9 which Is fixed In position by casing
cement 10. Bore drilling fluid 11 1s pumped down drill pipe 6 by pump 13 and passes
through downhole probe assembly 7 before reaching drill bit 8 at the end of the drill
string. Annular drilling fluid 12 i1s then pumped back to the surface and passes through a
blow out preventer (BOP) 4 positioned above the ground surface. The downhole probe

assembly 7 may be a MWD tool as shown Iin Figure 2, however in alternative
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embodiments, the downhole probe assembly 7 may be any downhole probe that utilizes

SENSOrs.

Referring to Figure 2, there i1s shown a schematic representation of a MWD tool
20 In accordance with embodiments of the invention. In the embodiment shown, the
MWD tool 20 i1s used for mud pulse telemetry whereby a fluid pressure pulse Is
generated, however alternative MWD tools may incorporate the back up sensor system
of the present invention, for example but not limited to an electromagnetic telemetry
MWD tool.

The MWD tool 20 is positioned within a drill collar 21 of the drill string and
generally comprises a housing 24 enclosing a D&l sensor module 100 or a modified D&
sensor module 100a or 100b longitudinally displaced and in electronic communication
with a battery stack 110 and a pulser assembly 26. The pulser assembly 26 drives a
fluid pulse generator 30 comprising a fluid pulse valve 23 to generate fluid pressure
pulses which are transmitted to the surface and decoded. The pulser assembly 26
comprises an electronics subassembly 28 In electronic communication with a motor

subassembly 25.

Electronics Subassembly

Referring now to Figures 4 and 3, the electronics subassembly 28 comprises a
housing 103 enclosing a main circuit board 104 secured on a carrier device (not
shown). A female end cap structure 121 is fitted at one end of the housing 103 and a
male end cap structure 120 is fitted at the other end of the housing 103. The female
end cap structure 121 of the electronics subassembly 28 mates with a male end cap
structure 120 of an adjoining module of the MWD tool 20 (such as the motor
subassembly 25) whereas the male end cap structure 120 of the electronics
subassembly 28 mates with a female end cap structure 121 of an adjoining module of
the MWD tool 20 (such as the battery stack 110). The end cap structures 120, 121
physically and electronically couple the electronics subassembly 28 with adjacent
modules of the MWD tool 20. A portion of the end cap structures 120, 121 fits within the
housing 103 and locks the carrier device within the housing 103. The end cap

structures 120, 121 may therefore beneficially provide added structural support to
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minimize the radial and axial movement of the carrier device which has the main circuit
board 104 and other electrical components thereon. Axial and radial movement of the
carrier device can lead to damage of the main circuit board 104 and other components,
therefore the end cap structures 120, 121 may beneficially limit the amount of damage
caused by vibration and other downhole conditions. In the embodiment shown in Figure
5, the male end cap structure 120 includes back up accelerometers 125 and optionally
back up magnetometers (not shown) as will be described in more detail below. In an
alternative embodiment (not shown), the female end cap structure 121 may include the
back up sensors and In yet a further alternative embodiment, the end cap structures

120, 121 may be structural supports only and not house any back up D&l sensors.

The main circuit board 104 comprises a printed circuit board with electronic
components soldered on the surface of the board. As represented in Figure 3, the main
circuit board 104 contains a data encoder 105, a central processing unit (controller) 106
and a memory 108 having stored thereon program code executable by the controller
106 using power from the battery stack 110. The main circuit board 104 receives
Information regarding direction and Iinclination of the drill string from primary D&l
sensors 105 and from back up D&l sensors 130, as well as measurements of drilling
conditions from a drilling conditions sensor module 102. More specifically, the primary
D&l sensors 105, back up D&l sensors 130 and drilling conditions sensor module 102
are each electrically communicative with the main circuit board 104 and send
measurement data to the controller 106. The data encoder 105 encodes the information
received by the controller 106 into telemetry data. The controller 106 then sends control
signals to the motor subassembly 25 to generate pressure pulses using the pulse
generator 30 corresponding to the telemetry data. In alternative embodiments, the
controller 106 may send control signals for transmission of alternative telemetry data

such as EM telemetry data.
D&I Sensor Module

Referring now to Figure 9, the D&l sensor module 100 includes primary D&l
sensors 105 comprising primary accelerometers 140 to measure inclination and primary

magnetometers 145 to measure azimuth, as well as associated data acquisition and
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processing circuitry. For both the primary accelerometers 140 and the primary
magnetometers 145, readings are taken which relate to each of the three orthogonal
axes X, Y and Z. The primary accelerometers 140 and magnetometers 145 are typically
positioned In the sensor module 100 as close as possible to the true orthogonal axes X,
Y and Z, however one or more of the primary accelerometers 140 and magnetometers
145 may be positioned offset from the true orthogonal axes either intentionally or as a
result of machine tolerance capabilities. The positional offset Is typically small, for
example a 1 or 2 degree offset from the true orthogonal axis, however the offset may be
larger. Readings taken from the primary accelerometers 140 and magnetometers 145
are sent to the controller 106 which uses calibration tables to factor in, for example, the
positional offset or temperature drift etc, to provide relative X, Y and Z readings. The
relative X, Y and Z readings indicate the direction and inclination of the probe and this
Information Is sent to the surface as telemetry data. The primary accelerometers and
magnetometers 140, 145 are Industry standard sensors which are highly accurate and

typically expensive.

Drilling Conditions Sensor Module

The drilling conditions sensor module 102 includes sensors mounted on a circuit
board, or communicative with a circuit board for taking various measurements of
borehole parameters and conditions such as temperature, pressure, directional
parameters, and gamma radiation. Such sensor modules 102 are well known In the art
and thus are not described In detail here. One or more drilling conditions sensors
modules 102 may be dispersed throughout the downhole probe assembly 7 as

necessary depending on the sensor type, function, and designer choice.

End Cap Structure Incorporating Back Up D&l Sensors

Referring now to Figure 6, there Is shown a male end cap structure 120
Incorporating back up D&l sensors 130 in accordance with one embodiment of the
iInvention. The male end cap structure 120 comprises a cylindrical body having a first
section 122 and a second section 123. The first section 122 fits within a portion of
housing of a downhole assembly module such as the housing 103 of electronics

subassembly 28 as described above with reference to Figures 4 and 5, or housing 109
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of a back up sensor module 180 as described below with reference to Figures 7 and 8.
The second section 123 fits within and mates with a female end cap structure 121,
thereby physically and electrically interconnecting two adjoining modules in which the
end cap structures 120, 121 are fitted. An annular shoulder 124 provides a surface
against which the housing 109 or 103 abuts on one side and against which the female

end cap structure 121 abuts on the other side.

In alternative embodiments the back up D&l sensors 130 may be attached to a
female end cap structure 121 instead of the male end cap structure 120. The male or
female end cap structure 120, 121 incorporating the back up D&l sensors 130 may be
fitted to the end of any module in the downhole probe assembly 7, for example the
electronics subassembly 28 as shown Iin Figure 5, or the D&l sensor module 100. The
male or female end cap structure 120, 121 incorporating the back up D&l sensors 130
may also form part of a stand alone back up D&l sensor module 180 as described

below with reference to Figures 7 and 8.

The back up D&l sensors 130 in the embodiment shown In Figure 6 comprise
three back up accelerometers 125a,b,c and three back up magnetometers 135a,b,c
fixed to the body of the first section 122 of the end cap structure 120, with each of the
three back up accelerometers 125a,b,c and three back up magnetometers 135a,b,c
taking readings which relate to one of the three orthogonal axes (X, Y and Z)
corresponding to the primary accelerometers 140 and primary magnetometers 145 of
the D&l sensor module 100. One of the back up accelerometers 125¢ and one of the
back up magnetometers 135c are fixed side by side to a circular circuit board 126
positioned at one end of the cylindrical body of the first section 122. The other two back
up accelerometers 125a,b and back up magnetometers 135a,b are fixed to rectangular
circuit boards 127 which are nested within rectangular shaped depressions in the body
of the first section 122. The circuit boards 126, 127 are attached to the body of the first
section 122 by screws 128. The circuit boards 126, 127 may drive the back up
accelerometer and magnetometers 125, 135 as well as functioning as mounting boards
for the back up accelerometer and magnetometers 125, 135. In alternative
embodiments, the back up accelerometer and magnetometers 125, 135 may be

attached to the body of the first section 122 by some other means. In other alternative
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embodiments the back up magnetometers 135 may be positioned remote from the back
up accelerometers 125, such as inside the body of the first section 122. The back up
magnetometers 135 may be positioned so as to limit the magnetic interference they
encounter. In a further alternative embodiment only back up accelerometers 125 may
be provided without back up magnetometers 135 or vice versa. In further alternative
embodiments the back up sensors 130 may be attached to a body which Is positioned
anywhere within a module of the downhole probe assembly 7 and the body need not be
connected to the end cap structures 120, 121. The innovative aspects of the invention
apply equally in embodiments such as these. The end cap structure 120 may also be
equipped with a microcontroller, signal conditioning circuit, multi-channels simultaneous
sampling Analog-to Digital converter, serial communication interface and other features
(not shown) standard to circuitry and processing. The Analog-to-Digital converter may

have an adjustable data sampling rate, programmable amplifier gain and digital filter.

The end cap structures 120, 121 provide structural support as well as housing
the back up D&l sensors 130. The end cap structure 120 may also conserve space by
physically and electrically interconnecting modules of the MWD tool 20 and may

therefore beneficially reduce the length of the MWD tool 20 compared to conventional
MWD tools.

Back Up D&l Sensor Module

Referring now to Figures 7 and 8, there is shown a back up D&l sensor module
180 in accordance with another embodiment of the invention. The back up D&| sensor
module 180 comprises housing 109 with a male end cap structure 120 fitted at one end
and a female end cap structure 121 fitted at the other end. Back up D&l sensors 130
may be incorporated on the male end cap structure 120 as shown in Figure 6 or on the
female end cap structure 121 (not shown). The back up D&l sensor module 180 can be
connected to longitudinally adjacent modules in the MWD tool 20, for example, In the
embodiment shown In Figure 8, the back up D&l sensor module 180 is connected to the
D&l sensor module 100. More specifically, the male end cap structure 120 of the back
up D&l sensor module 180 mates with a female end cap structure 121 of the D&l sensor

module 100 to physically and electrically interconnect the two modules 180, 100. As the
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back up D&l sensor module 180 is positioned close to the D&l sensor module 100, the
data collected from the back up D&l sensors 130 and from the primary D&| sensors 105

translates to similar positioning of the MWD tool 20.

In alternative embodiments, the back up D&l sensor module 180 may be of
different configuration and need not have end cap structures 120, 121. The back up
sensors 130 may be attached to a body which is housed within the back up sensor
module. The innovative aspects of the invention apply equally in embodiments such as

these.

Modified D&l Sensor Module Incorporating Back Up D&l Sensors

Referring now to Figures 11 to 16, there is shown a modified D&l sensor module
100a, 100b including back up D&l sensors 130 in accordance with other embodiments
of the present invention. In the embodiments shown, the back up D&l sensors 130
comprise back up accelerometers 125 and back up magnetometers 135, however In
alternative embodiments, only back up accelerometers 125 may be provided without

back up magnetometers 135 or vice versa.

In the embodiment shown in Figures 11 to 15 the back up accelerometers 125
and back up magnetometers 135 are respectively fixed directly onto the primary
accelerometers 140 and primary magnetometers 145 of the D&l sensor module 100 to
produce the modified D&l sensor module 100a. More specifically, two back up
accelerometers 125a and 125b are respectively fixed to two primary accelerometers
140a and 140b which are positioned within the modified D&l sensor module 100a. A
third back up accelerometer (not shown) is fixed to a third primary accelerometer (not
shown) positioned inside the modified D&l sensor module 100a. As shown in Figures
14A and 14B, the back up accelerometer 125 is fixed to a printed circuit board 141 and
the board 141 is positioned on the body of the primary accelerometer 140. The circuit
board 141 may provide signal conditioning with the primary accelerometer 140 and
drive the back up accelerometer 125, as well as functioning as a mounting board for the
back up accelerometer 125. Two back up magnetometers 135a and 135b are
respectively fixed to two primary magnetometers 145a and 145b. The primary

magnetometers 145a,b are standard dual axes magnetometers yielding the three
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orthogonal axes and one redundant axis, which is typically not used. A third back up
magnetometer (not shown) may be fixed within the modified D&l sensor module 100a.
Alternatively, the back up magnetometers 135a,b may have the same dual axes
sensing as the primary magnetometers 145a,b. As shown In Figures 15A and 15B, the
back up magnetometer 135 is fixed to a printed circuit board 142 and the board 142 is
positioned on the four supporting posts 143 of the primary magnetometer 145. The
circuit board 142 may provide signal conditioning with the primary magnetometer 145
and drive the back up magnetometer 135, as well as functioning as a mounting board
for the back up magnetometer 135. In alternative embodiments, the back up
accelerometers and magnetometers 125, 135 may be attached to the primary
accelerometers and magnetometers 140, 145 by some other means rather than the

printed circuit boards 141, 142, as would be apparent to one of skill in the art.

In the modified D&l sensor module 100b shown in Figure 16, the back up D&
sensors 130 are Incorporated In the D&l sensor module 100b, however the back up
accelerometers 125 and back up magnetometers 135 are not fixed directly to the
primary accelerometers 140 and primary magnetometers 145 but are instead positioned
within the module body. In the embodiment shown in Figure 16, back up accelerometer
125 and back up magnetometer 135 are fixed side by side on a printed circuit board 144
and the circuit board 144 is slotted into a machined pocket of the module body on the
back side of the surface on which one of the primary accelerometers 140 is positioned.
Additional back up accelerometers and magnetometers 125, 135 fixed to additional
circuit boards 144 may be positioned on the back side of the other primary
accelerometers 140 or on the back side of the primary magnetometers 145. The circuit
board 144 may drive the back up accelerometers and magnetometers 125, 135 as well

as functioning as mounting boards for the back up accelerometers and magnetometers
125, 135.

In an alternative embodiment the back up accelerometer 125 and back up
magnetometer 135 need not be on the same circuit board 144, but may be fixed to
separate circuit boards, with the back up accelerometers 125 being positioned on the
back side of the primary accelerometers 140 and the back up magnetometers 135 being

positioned on the back side of the primary magnetometers 145. In a further alternative
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embodiment, the back up accelerometers 125 and/or back up magnetometers 135 may
be positioned anywhere within the D&l sensor module and need not be on the back side
of the primary accelerometers and/or magnetometers 140, 145. The back up
magnetometers 135 may be positioned so as to limit the magnetic interference they

encounter.

Operation of Back Up D&l Sensors

The back up accelerometers 125 are generally lower cost sensors than the
primary accelerometers 140; the back up accelerometers 125 typically being less
accurate, but more reliable and less prone to failure than the primary accelerometers
140 used In the D&l sensor module 100. Such back up accelerometers 125 may be
solid state sensors such as, but not limited to, Colibrys MS8000™ or MS9000 "™ MEMS
accelerometers. The back up magnetometers 135 may be the same type of
magnetometers as the primary magnetometers 145 or they may be lower cost
magnetometers, which are typically less accurate, but more reliable and less prone to
failure, than the primary magnetometers 145 used In the D&l sensor module 100.
Exemplary magnetometers that may be used as back up magnetometers 135, include,
but are not limited to, miniature triaxial fluxgate sensor FLC 3-70 from Stefan Mayer
Instruments In Germany, solid state magnetometers, proton precession magnetometers,
pumped potassium magnetometers or other magnetometers known in the art. The back
up D&l sensors 130 may be positioned as close as possible to the true orthogonal axes
X, Y and Z, however one or more of the back up accelerometers 125 or back up
magnetometers 135 may be positioned offset from the true orthogonal axes as

described In detail below.

Before the probe assembly 7 is positioned downhole, calibration tests may be
carried out to determine the effect of different physical and environmental factors, for
example offset position of the back up D&l sensors 130 and temperature drift, on the
sensor readings. One or more calibration tables compiled from the calibration test
results may be utilized by the controller 106 to process readings taken from the back up
D&l sensors 130 when the downhole probe assembly 7 Is positioned downhole to

determine the true orientation of the probe assembly during downhole operations. For
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example, one or more of the back up D&l sensors 130 may be positioned offset from
the true X, Y and Z orthogonal axes in the modified D&l sensor module 100a, 100b, In
the back up D&l sensor module 180, in the end cap structure 120, 121, or other
structure which incorporates the back up D&l sensors 130. During calibration tests, the
D&l sensor module 100a, 100b, 180 or end cap structure 120, 121 is positioned In the
frue orthogonal axes X, Y and Z on a calibration stand as I1s known in the art. Voltage
readings from each of the back up D&l sensors 130 are taken for each orthogonal axis.
These voltage readings can be compared to the output voltage setting provided by the
manufacturer of the sensor to determine If there is a difference between the voltage
reading obtained and the manufacturer specified output voltage for that sensor. This
voltage difference (if any) is the offset voltage (electrical offset) which corresponds to
the physical offset of that particular back up D&l sensor 130 from the orthogonal axis.
When the downhole probe assembly 7 is positioned downhole the controller 106 can be
programmed to factor in the offset voltage for voltage output readings obtained from the
back up D&l sensors 130 to calculate the apparent voltage readings relating to the
orthogonal axes X, Y and Z. The apparent voltage readings can be analysed by the
controller 106 and calibrated for environmental factors such as temperature drift and the
frue orientation of each back up D&l sensor 130 determined In real time; which
Information can be transmitted to the surface as telemetry data. Linking or correlating
the electrical offset of a sensor to the physical offset of that sensor allows for accurate
analysis and interpretation of data from the back up D&l sensors 130 when one or more
of the sensors is not in true orthogonal alignment. This beneficially provides flexibility in
positioning of the back up D&l sensors 130, so that the sensors can be added to
confined spatial areas without having to be in true orthogonal alignment. The positional
offset of the back up D&l sensors 130 may be intentionally machined or manufactured
In the modified D&l sensor module 100a, 100b, in the back up D&l sensor module 180,
In the end cap structure 120, 121, or any other structure which incorporates the back up
D&l sensors 130 to aid in the layout of the MWD tool. The D&l sensor module 100a,
100b, 180, end cap structure 120, 121, or other structure containing the back up D&l
sensors 130 can be constructed and the sensors correlated off-site and then easily

iIncorporated in the downhole probe assembly 7 on site.
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A full cross calibration of the back up D&l sensors 130 and the primary D&l
sensors 105 may also be performed before the downhole probe assembly 7 goes
downhole. The calibration may be conducted under temperature variation to determine
the effects of temperature drift. Such calibration methods are known In the art, for
example R. Estes et al. Society of Petroleum Engineers (SPE) 19546; and United

States patent publication 2009/0157341, which are incorporated herein by reference.

Referring now to Figure 9, during operation information from the primary D&
sensors 105 comprising primary accelerometers 140 relating to the X, Y and Z axes and
primary magnetometers 145 relating to the X, Y and Z axes is filtered, amplified and
converted to digital information by an Analog-to-Digital converter 150. Each of the
primary D&l sensors 105 gathers information independently from the other primary D&
sensors 105. Concurrent, but independent information from the back up D&l sensors
130 comprising back up accelerometers 125 relating to the X, Y and Z axes and back
up magnetometers 135 relating to the X, Y and Z axes Is filtered, amplified and
converted to digital information by an Analog-to-Digital converter 150. Each of the back
up D&l sensors 130 gathers information independently from the other back up D&
sensors 130. The Analog-to-Digital converter 150 may be the same converter for
converting information from both the primary D&l sensors 105 and the back up D&
sensors 130 or different Analog-to-Digital converters may be utilized. The digital
iInformation from both the back up and primary D&l sensors Is transmitted electronically
to the controller 106 of the main circuit board 104 of the electronics subassembly 28 as
discussed above with reference to Figure 3. Information may be gathered continuously
or intermittently from the primary D&l sensors 105, from the back up D&l sensors 130 or
from both the primary and back up D&l sensors 105, 130. Intermittent gathering of
Information may conserve battery power. In current practices, the primary D&l sensors
105 are typically turned on to take periodic survey information, for example at every
connection of a new portion of the drill pipe. The back up D&l sensors 130 could also
be turned on for this periodic survey, but need not be turned on for toolface

measurements.

Referring now to Figure 10, there is shown a schematic flow chart of a method of

operation a downhole probe assembly comprising primary D&l sensors 105 and back
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up D&l sensors 130 in accordance with an embodiment of the present invention. During
operation a sensor functionality assessment 200 Is continuously or periodically carried
out. The sensor functionality assessment 200 comprises a field qualification check 210
where information from each of the primary D&l sensors 105 downhole is compared to
expected readings or other values to determine if the Information iIs within a

predetermined limit or range.

If the primary D&l sensor information is within the predetermined range (pass),
then the primary D&l sensor information Is compared to information from each of the
back up D&l sensors 130 for a back up qualification check 220. If the primary D&l
sensor information is outside the predetermined range (fail), then individual sensor
checks 250 are carried out for each of the primary D&l sensor 105 by assessing the
deviation from the previous reading for that individual primary D&l sensor 105 and
comparing it to the individual reading from the corresponding back up D&l sensor 130.
If one of the primary D&l sensor 105 fails the individual sensor check 250 then the
offending sensor information is replaced with information from the corresponding back
up D&l sensor 130 and a further field qualification check 210a carried out to determine If

the back up information is within the predetermined range.

If the back up Iinformation fails the further field qualification check 210a then an
alert 270 1s sent to the operator at the surface indicating directional failure which
necessitates a trip out of hole for repair or replacement of the primary D&l sensors 105.
If the back up information passes the further field qualification check 210a then an alert
260 Is sent to the operator at the surface indicating that information from the back up
D&l sensors 130 is being utilized instead of information from the primary D&l sensors
105. The operator may also be alerted as to which of the primary D&l sensors 105 has
falled. Even If there iIs failure of only one primary D&l sensor 105, information from all
the back up D&l sensors 130 may be utilized instead of information from the primary
D&l sensors 105 to ensure that there Is corresponding aligned sensor information. At
the surface, the operator will be aware that a higher tolerance for accuracy is required
when using information from the back up D&l sensors 130 rather than information from
the primary D&l sensors 105. The operator can monitor the uncertainty level of the

back up D&l sensor information and if the uncertainty level becomes too high for
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tolerance, a decision may be made to trip out of hole and replace or repair the failed
primary D&l sensor 105. Otherwise, drilling operation may continue using information

from the back up D&l sensors 130 until a scheduled trip out.

The back up D&l sensors 130 therefore provide a back up system in case of
failure of one or more of the primary D&l sensors 105, which back up system is cost
effective and efficient at providing D&l measurement, albeit with less accuracy. The
back up D&l sensors 130 may be less prone to damage and are therefore more reliable
than the primary D&!| sensors 105. If there is failure of one of the primary D&l sensors
105, it will still be necessary to trip out of hole and replace or repair the primary D&
sensors 105, however the trip out can be delayed until a convenient time as the back up
D&l sensors 130 provide alternative D&l information needed for continuation of drilling
operations. The system therefore provides the operator with knowledge regarding
failure of the primary D&l sensor, as well how the back up D&l sensors 130 are
performing prior to primary D&l sensor failure in order to instill confidence regarding the
accuracy of information from the back up D&l sensors 130 when the need arises to
solely rely on the back up D&l sensors 130. After each trip out, a re-survey is required,
however the re-survey can be checked against the back up D&l sensor information to
get position. As a result of not having to trip out to replace failed primary D&l sensors
105, time on site may be reduced. Drilling can be continued until a scheduled trip out of

hole, thus avoiding unnecessary trips out and reducing operation costs.

In alternative embodiments (not shown) back up sensors could also be employed
for other sensors utilized in the downhole probe assembly, for example back up sensors

for the sensors included on the drilling conditions sensor module.

While the present invention is illustrated by description of several embodiments
and while the illustrative embodiments are described in detail, it is not the intention of
the applicants to restrict or in any way limit the scope of the appended claims to such
detail. Additional advantages and modifications within the scope of the appended
claims will readily appear to those sufficed in the art. The invention in its broader
aspects is therefore not limited to the specific details, representative apparatus and

methods, and illustrative examples shown and described. The scope of the claims
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should not be limited by the preferred embodiments set forth in the examples, but

should be given the broadest interpretation consistent with the description as a whole.
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Claims

What is claimed is:
1. A downhole probe assembly comprising:

(a) primary sensors comprising primary accelerometers and primary
magnetometers configured to gather information relating to each of orthogonal axes
X, Y and Z;

(b) back up sensors comprising back up accelerometers configured to gather
Information relating to each of orthogonal axes X, Y and Z, the back up

accelerometers being solid state accelerometers;

(c) a controller in electrical communication with the primary sensors and the back
up sensors, the controller configured to receive and process information from the
primary sensors and the back up sensors so that information from the back up

accelerometers can be used when one or more of the primary accelerometers fails.

2. The downhole probe assembly of claim 1, wherein the back up sensors further
comprise back up magnetometers configured to gather information relating to each
of orthogonal axes X, Y and Z, wherein the conftroller is in electronic communication
with the back up magnetometers and Is configured to receive and process
Information from the back up magnetometers so that information from the back up

magnetometers can be used when one or more of the primary magnetometers fails.

3. The downhole probe assembly of claim 1 or 2, wherein the controller is configured
fo send a signal to surface to alert an operator that one or more of the primary

sensors has failed and that information is being provided by the back up sensors.

4. The downhole probe assembly of any one of claims 1 to 3 including a downhole
probe assembly module comprising a longitudinally extending housing enclosing a

body, wherein the back up sensors are attached to the body.

5. The downhole probe assembly of clam 4, wherein the back up sensors are
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attached to the body in each of the orthogonal axes X, Y and Z.

6. The downhole probe assembly of claim 4, wherein one or more of the back up

sensors Is attached to the body at an offset position to the orthogonal axes X, Y and
Z.

/. The downhole probe assembly of any one of claims 4 to 6, wherein the downhole
probe assembly module further comprises an end cap structure positioned at one
end of the housing, and the body forms part of the end cap structure and extends

iInto a portion of the housing.

8. The downhole probe assembly of claim 7, wherein the end cap structure is a male
end cap structure or a female end cap structure configured to respectively mate
with a female end cap structure or a male end cap structure of a longitudinally
adjacent module of the downhole probe assembly, and mating of the male and
female end cap structures physically and electrically interconnects the downhole

probe assembly module and the longitudinally adjacent module.

9. The downhole probe assembly of any one of claims 4 to 8, wherein the back up
sensors are fixed to printed circuit boards and the printed circuit boards are
attached to the body.

10. The downhole probe assembly of any one of claims 1 to 3, wherein the back up
sensors are incorporated In a back up sensor module and the back up sensor
module is configured for interconnection with a longitudinally adjacent module of the

downhole probe assembly.

11. The downhole probe assembly of claim 10, wherein the back up sensor module
comprises a longitudinally extending housing enclosing a body, wherein the back

up sensors are attached to the body.

12. The downhole probe assembly of claim 11, wherein the back up sensors are

attached to the body in each of the orthogonal axes X, Y and Z.

13. The downhole probe assembly of claim 11, wherein one or more of the back up
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sensors Is attached to the body at an offset position to the orthogonal axes X, Y and
Z.

14. The downhole probe assembly of any one of claims 11 to 13, wherein the back up
sensor module further comprises an end cap structure positioned at one end of the
longitudinally extending housing, the end cap structure being a male end cap
structure or a female end cap structure configured to respectively mate with a
female end cap structure or a male end cap structure of the longitudinally adjacent
module of the downhole probe assembly, and mating of the male and female end
cap structures physically and electrically interconnects the back up sensor module

with the longitudinally adjacent module.

15. The downhole probe assembly of claim 14, wherein the body forms part of the end

cap structure and extends into a portion of the housing.

16. The downhole probe assembly of any one of claims 11 to 15, wherein the back up
sensors are fixed to printed circuit boards and the printed circuit boards are
attached to the body.

17. The downhole probe assembly of any one of claims 1 to 3, wherein the primary

sensors and the back up sensors are incorporated in a sensor module.

18. The downhole probe assembly of claim 17, wherein the sensor module comprises a
body and the primary sensors are attached to the body and at least one of the back

up sensors Is attached to at least one of the primary sensors.

19. The downhole probe assembly of claim 18, wherein the back up sensors are

attached to the primary sensors in each of the orthogonal axes X, Y and Z.

20. The downhole probe assembly of claim 18, wherein at least one of the back up

sensors Is attached to at least one of the primary sensors at an offset position to the

orthogonal axes X, Y and Z.

21. The downhole probe assembly of any one of claims 18 to 20, wherein the back up

sensors are fixed to printed circuit boards and the printed circuit boards are
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attached to the primary sensors.

22. The downhole probe assembly of claim 17, wherein the sensor module comprises a

body and the primary sensors and the back up sensors are attached to the body.

23.The downhole probe assembly of claim 22, wherein the back up sensors are

attached to the body in each of the orthogonal axes X, Y and Z.

24.The downhole probe assembly of claim 22, wherein one or more of the back up

sensors Is attached to the body at an offset position to the orthogonal axes X, Y and
Z.

25. The downhole probe assembly of any one of claims 22 to 24, wherein the back up
sensors are fixed to printed circuit boards and the printed circuit boards are
attached to the body.

26. The downhole probe assembly of any one of claims 22 to 25, wherein at least one
of the back up sensors iIs attached to the body on the back side of at least one of
the primary sensors so that the at least one back up sensor and at least one

primary sensor are in the same orthogonal axis.

27.An end cap structure for use in a downhole probe assembly that includes primary
accelerometers and primary magnetometers configured to gather information

relating to each of orthogonal axes X, Y and Z, the end cap structure comprising:

(a) a body configured to fit within and extend into a portion of a longitudinally

extending housing of a module of the downhole probe assembly; and

(b) back up sensors selected from the group consisting of back up accelerometers,
back up magnetometers and a combination thereof, the back up sensors being
attached to the body and configured to gather information relating to each of

orthogonal axes X, Y and Z.

28. The end cap structure of claim 27, wherein the back up sensors are attached to the

body in each of the orthogonal axes X, Y and Z.

28



CA 02893009 2015-05-28

WO 2014/085935 PCT/CA2013/050942

29.The end cap structure of claim 27, wherein one or more of the back up sensors Is

attached to the body at an offset position to the orthogonal axes X, Y and Z.

30.The end cap structure of any one of claims 27 to 29, wherein the back up

accelerometers are solid state accelerometers.

31. The end cap structure of any one of claims 27 to 30, wherein the end cap structure
IS @ male end cap structure or a female end cap structure configured to respectively
mate with a female end cap structure or a male end cap structure of a longitudinally
adjacent module of the downhole probe assembly, and mating of the male and
female end cap structures physically and electrically interconnects the longitudinally

adjacent modules.

32. The end cap structure of any one of claims 27 to 31, wherein the back up sensors
are fixed to printed circuit boards and the printed circuit boards are attached to the
body.

33.A back up sensor module for use in a downhole probe assembly that includes
primary accelerometers and primary magnetometers configured to gather
Information relating to each of orthogonal axes X, Y and Z, the back up sensor

module comprising:
(a) a longitudinally extending housing enclosing a body; and

(b) back up sensors selected from the group consisting of back up accelerometers,
back up magnetometers and a combination thereof, the back up sensors being
attached to the body and configured to gather information relating to each of

orthogonal axes X, Y and Z.

34. The back up sensor module of claim 33, wherein the back up sensors are attached

to the body In each of the orthogonal axes X, Y and Z.

35. The back up sensor module of claim 33, wherein one or more of the back up

sensors Is attached to the body at an offset position to the orthogonal axes X, Y and
Z.
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36. The back up sensor module of any one of claims 33 to 35, wherein the back up

accelerometers are solid state accelerometers.

37. The back up sensor module of any one of claims 33 to 36 further comprising an end
cap structure positioned at one end of the longitudinally extending housing, the end
cap structure being a male end cap structure or a female end cap structure
configured to respectively mate with a female end cap structure or a male end cap
structure of a longitudinally adjacent module of the downhole probe assembly, and
mating of the male and female end cap structures physically and electrically

Interconnects the back up sensor module with the longitudinally adjacent module.

38. The back up sensor module of claim 37, wherein the body forms part of the end cap

structure and extends into a portion of the housing.

39. The back up sensor module of any one of claims 33 to 38, wherein the back up
sensors are fixed to printed circuit boards and the printed circuit boards are
attached to the body.

40. A sensor module for a downhole probe assembly, the sensor module comprising:

(a) primary sensors comprising primary accelerometers and primary
magnetometers configured to gather information relating to each of orthogonal
axes X, Y and Z;

(b) back up sensors selected from the group consisting of back up
accelerometers, back up magnetometers and a combination thereof, the back up
sensors configured to gather information relating to each of orthogonal axes X, Y
and Z.

41.The sensor module of claim 40 further comprising a body, wherein the primary
sensors are attached to the body and at least one of the back up sensors iIs

attached to at least one of the primary sensors.

42.The sensor module of claim 41, wherein the back up sensors are attached to the

primary sensors in each of the orthogonal axes X, Y and Z.
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43. The sensor module of claim 41, wherein at least one of the back up sensors Is
attached to at least one of the primary sensors at an offset position to the

orthogonal axes X, Y and Z.

44 . The sensor module of any one of claims 41 to 43, wherein the back up sensors are
fixed to printed circuit boards and the printed circuit boards are attached to the

primary sensors.

45. The sensor module of claim 40 further comprising a body, wherein the primary

sensors and the back up sensors are attached to the body.

46. The sensor module of claim 45, wherein the back up sensors are attached to the

body in each of the orthogonal axes X, Y and Z.

47.The sensor module of claim 45, wherein one or more of the back up sensors Is

attached to the body at an offset position to the orthogonal axes X, Y and Z.

48. The sensor module of any one of claims 45 to 47, wherein the back up sensors are
fixed to printed circuit boards and the printed circuit boards are attached to the
body.

49. The sensor module of any one of claims 45 to 48, wherein at least one of the back
up sensors Is attached to the body on the back side of at least one of the primary
sensors so that at least one back up sensor and at least one primary sensor are In

the same orthogonal axis.

50.The sensor module of any one of claims 40 to 49, wherein the back up

accelerometers are solid state accelerometers.

51.A body for a downhole probe module for use in a downhole probe assembly that
Includes primary accelerometers and primary magnetometers configured to gather
Information relating to each of orthogonal axes X, Y and Z, the body comprising
back up sensors attached thereto and configured to gather information relating to
each of orthogonal axes X, Y and Z, the back up sensors selected from the group

consisting of back up accelerometers, back up magnetometers and a combination
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thereof.
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